Hierarchical Visual Perception without Calibration by Gaspard, François & Viéville, Thierry
HAL Id: inria-00073694
https://hal.inria.fr/inria-00073694
Submitted on 24 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Hierarchical Visual Perception without Calibration
François Gaspard, Thierry Viéville
To cite this version:
François Gaspard, Thierry Viéville. Hierarchical Visual Perception without Calibration. RR-3002,
INRIA. 1996. ￿inria-00073694￿
IS
S
N
 0
24
9-
63
99
appor t  
d e  r ech er ch e 
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Hierarchical visual perception without calibration
François Gaspard and Thierry Viéville
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%C>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VWKMO^[Tb_
OBlY¶V]\_^`T6V]KlYhVxZCYhT6u-O	kMOX§\_[Ok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kMO"®lTMOk\tY[Tbk^`Tb \_ ± \¸²!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  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 ' =b.) g·¡O
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j]^$V]KlYhV V]KMOkb\_j]ybY[ZONPOT0V^[µY$i[\`OTy-^[\T0VZ^`X]XoOjoy2^`TbkMj VW^$V]KMOZ^[\TMOYhV]\_^`T\YhTMk
^`Tb$\ &      ¨©J%Kb\_jxY[joVxOMYhV]\_^`T6KlY[jVWKMXoOO	Z^[TMj]ObOTMZOj°
 S \_[OT¢V]KMX]OO$TM^`T¤Z^[\TMOY[X#y-^[\_T0VWjY[TbkY!B dUNcYhV]Xo\ ¯¹g\_V&\_jYh%YCjy-^`j]j§\u¨OV]^
Z^`NPyMbVWO&VWKMOZ^[\TMOYhV]\_^`Ta^[;VWKbO#ybY[TMO&kMO®MTMOku0VWKMOj]O&VWKMXoOO#y-^[\_T0VWjg2Z^`Tbjo\ d
kMOXo\_TMiPVWKlYhV &      ^`X%V]KMOjoO&V]KMX]OO	y2^[\_T0VWj©
 S Vs\jsy2^`jojo\_ub_O#VW^?kMOV]OX]N\_TMO\"=$y-^[\T0V]jw^`XsNc^[X]OYhX]O&Z^[_\_TMOY[Xg2uB6`OXo\¸B\TMi$\
V]KMO j]O"Vt^[OBlY¶V]\_^`TMj^`ubVWYh\_TMOkMj§\Tbi ± +Q0²^`XOY[ZfKy2^[\_T0V%\_j^[XWY[Tb£Qbg\ © O[©\Y
job\_VWY[ub_O	j]OVs^[kMOV]OXoNP\_TlY[T0V]jxhY[Tb\_j]K¹© 5´»¨9¨5¦?¬R«R¼Ï½¿±²³±5¨9®¶¬£«¼ ÀG¼¾´
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 ª KM^^`j§\TMi#Y&^[Xo\_OT0VfYhVo\^[T?^[2VWKMOsQ`¥xd j]ylYhZO[g¨Y	y2^[\_T0V¡\_j qu-OKb\_TMk V]KMOxyb³YhTMOx\·YhTMk
^`T¨_c\_ &     5 Y[TbkU\_T$X]^`T0V^[·V]KMOybY[TMO	w\Y[TMk^`Tb?\ &       ' =M`gl}	D") ©
» jsYZ^`TMj]OBMOTMZO¡O	ZCY[T\T¨OX%VWKbO&XoOYhV]\`O	y-^`jo\V]\_^`T6^[YPy-^[\_T0V\_V]KaXoOj]y-OZ"V
V]^?YybY[TMO	Mj§\Tbi?VWK¨\jtOBlY¶V]\_^`T¦©
 TaVWKbOXoO`OX]joO_OVsMjsZ^`TMj§\kMOXsV]KlYhVxO&KlYC`OOjoVo\NcYhV]OkYPybY[TlY[Xxkb\_j]ybY[ZONPOT0V
kMO"®lTMOk6u0YNcYhV]Xo\ ¯ ¢©"S\`OTVU¡^P^[VWKbOXy-^[\T0V]jTM^[V%\_T$VWKMOy¨³Y[TbO OZY[TOjoVo\NcYhV]O
VWKbO`OZ"VW^`X=j§\TMZOX]^`N OBlYhVo\^[T ± +Q0²x¡OKlYC`O        $ $"g¹tK¨\__OOPZY[T
Oj§V]\_NcYhVWOtVWKMOxNcYhVWX§\¯ FX]^`N OBlYhVo\^`T ± [²"©;S V´\_jVWKBMj¡[OX§POCY[j§VW^&OjoVo\NcYhV]OwY	Xo\_i[\_k
kb\_j]ybY[ZONPOT0V ih\_[OTYybY[TlYhXylYhVWZfK~Y[TMkVU¡^Y[kbkb\_Vo\^[TlYhy-^[\T0V]j©
0 9 0 9 / $Á Å 
[.-¬2« ¬ 7.6 Á ­¬l.-¬2« Á 
b.-¬-«
S ¹¡OtZ^`Tbjo\_kMOX 	 
 
#'# 	5 
   	()  "##  B  	  g0Z^`Nub\_Tb\Tbi#OBlYd
V]\_^`TMj ± D`²%Y[TMk ± `+²¡O	^`ubVWYh\_T6V]KMO  	%
      	8l°
    . %$  ± 3=B²
\VWK   ( 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SUT¤^hVWKMOX	¡^`XokMjgZ^`Tbjo\_kMOX§\TMi   \TMj§VWOY[k¢^[ Fg¦\V	\j&Y[j\¡Oc¡OXoOc\_TV]KMOPZCY[joO
^[yMMX]OPVWX]Y[TMj§³YhVo\^[T¦g\VWK  	¶g·\ © O[©$TbO\VWKMOXXo^[VfYhVo\^[TlYhNP^[Vo\^`T¹gTM^[X	hY[X§\³Y¶V]\_^`T
^[V]KMO#ZYh_\_uMX]YhV]\_^`TylY[X]Y[NPOV]OX]j©J%Kb\_j jo\_NPyb\_®lZYhV]\_^`T\_jwy-^`j]j§\ub_O[g¹u2OZCY[MjoOVWKMOj]O#VU¡^
Y[joV	O"¼¹OZVWj^[Tb_~Z^`XoX]Oj]y-^`TMkVW^6YVWX]Y[TMj§^`X]NcYhVo\^`T^hµV]KMO\_N?Yhi`OybY[TMOPY[Tbk¤YhX]OTM^hV
X]O"³Y¶VWOkcVW^	VWKMOx^`uMjoOX§`Okj]ZOTMO'Ë+|¨g =M ) ©;J%Kb\j¡NPOZfKlY[T¨\joN \_j¡OBb\_hYh_OT0V¡VW^	VWKMOt\NcY[i[O
X]OZVo\_®lZYhV]\_^`T\TVWKbO&j§VWOX]O^cylY[X]Y[kb\_i`N 'Ë+|")A©
» NP^`TMi6Yhy-^`j]j§\u¨OZ^[_\_TMOCYhVo\^[TMj=¢g¦¡OZCY[T ZfKM^^`j]OV]KMO^`TMOtKb\_ZfKNP\_Tb\_N\Oj
VWKbOw\NcY[i[OwkMO"^`X]NcYhVo\^`T¹g¨\A© Oh©KlYC\_TMiPY#joOV^hN?Y¶VWZfKMOj%tKb\ZfKN\_Tb\N\_Oj%VWKMOYC[OXWYhi`O
X]O"V]\_TlYhkb\_j]yMY[Xo\VU`g-Y[jkMO"®lTMOka\_T6V]KMO	j]OBMO" ©
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S \_[OT­VU^ B\O"tjg´OZY[T OjoVo\NcYhV]O$VWKMOybX]^[pqOZV]\`O6kMOybVWK­X]^[N OMYhV]\_^`T ± 0²#YhTMk
yMXo^`ylY[i0Y¶VWOV]Kb\jOjoVo\NcYhVo\^`T­\_T­VWKMOTMOe¯V\_O!Mjo\_TMi OBlY¶V]\_^`T ± <0²e©¢½lX]^[NÇV]Kb\jY[j§V
\_Tb^`X]NcYhVo\^[Ta¡O#ZCYhTyMX]Okb\_ZVwV]KMO#TbO X]O"V]\_TlYh_^¨ZYhV]\_^`T¦©xÈa^[X]O#ybX]OZ"\joO`g¹Xo^`N¿OBlYd
V]\_^`TMj ± 0²"g ± Q0²%YhTMk ± }`²¡¡O&^`ubVfY¶\T¦°
:        $
   " #      ± .D`²
J%Kb\_jwZCYhT~u-OMjoOk~\_TaV]XWY[Zf£0\_TMi$yMXo^¨ZOjoj]Ojs^`XdqY[jtkb\_j]ZMj]joOk TM^+%d\_T~^[X]kMOXxV]^cMjoO
\_Tb^`X]NcYhVo\^[TaY¶^`Tbi?YhT6\_NcY[i`O	j]ObOTMZO[©
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!·OV?MjTb^ Yhj]j]bNcOaVWKlYhV?j]O"`OXWYhwXo\_i[\k ^`ubpqOZVWj?\_V]KFkb\¼¹OX]OTBV$kb\joybY[ZONcOT0VWjY[XoO
yMXoOj]OT0Vs\_T6V]KMO	j]ZOTMOh©
J%KMOPyMX]^[ubON Y[X§\joOj	KMOX]OVWKMYhV	j]O"`OX]Yh´Xo\_i[\_k kb\joybY[ZONcOT0VWj&N?YCZ^`X]XoOjoy2^`Tbk V]^
VWKbO&j]Y[NPO	N?Y¶VWXo\ ¯2°
 (    Ç   "
  
   ± +0²
½\_X]j§VP^[ Y¶_Agµ\xVU^Xo\_i[\_k k¨\joyb³YhZONPOTBV]jkb\¼2OXP^`Tb¢Xo^`N V]KMON?Yhi`Tb\VWMkMO^[xVWKbO\_X
VWX]Y[TMj§³YhVo\^[T    VWKMO"~B\O"kV]KMOjWYhNcO B dUNcYhV]Xo\ ¯2©S V \j£BTM^+tTVWKMYhVCg¹\) . 
 
VWK¨\j#\_j#V]KMO$^`Tb¢Y[N#ub\_i`b\VU+'Ë+|,) g;\A© Oh©VWKlY¶V#VWKbOX]O?\jYaMTb\_bOkMOZ^`NPy2^`j§\_Vo\^[T­^[
\µV]Kb\_j NcYhVWX§\¯a`OXo\®lOjVWKbO TslYhTMihdq½:Y[bi`OX]Y[jwZ^`TMkb\V]\_^`TMj©S µV]KMO » dUNcYhVWX§\ZOjYhX]OTM^hV
OBlY¶¨V]^sVWKbO¡\_kMOT0V]\VU&\_VKlY[ju2OOTkMONP^`TMjoV]XWYhV]Ok 'Ë<")VWKMYhVV]KMO¡VU¡^ Z^`TMjoV]XWYh\_T0VWj^`T#VWKbO
ZCY¶_\_uMXWY¶V]\_^`TayMY[XWY[NPO"VWOXojglVWKbO XoMyMylYPOBlYhVo\^[TMjg-Y[XoO&OBb\_hYh_OT0VxVW^PVWKMOVU¡^ TxlY[TMi¶d
½:Y[Mi`OXWY[jZ^`TMkb\V]\_^`TMjg¡jo^V]KlYhVcY[jjo^¨^[T YhjVWKMOj]O6OBlYhVo\^`Tbj?YhX]O$`OXo\®lOk O^`u¨VfYh\_T
YaNcYhV]Xo\ ¯^h%VWKMOc^`X]N \_V]K^`TMO?j]^[_bV]\_^`T¢^[XVWKbOXo\_i[\_k¢kb\_j]y¨³Y[ZONPOT0V ± by¢VW^~Y[T
\_TMkMOV]OXoNP\_TlYhVo\^[T~^[VWKMO	NcY[i`T¨\_V]MkMO	^[; ¶²"©
J%Kb\_jwVWKBMj XoOCYh~Y¶__^+tjsVW^kb\j§V]\_TMi`b\_j]KVU¡^$X§\i[\_kkb\_j]y¨³Y[ZONPOT0V]jMy~VW^Y[T~\_TMkMOed
VWOX]N\_TlYhV]\_^`T^[VWKbO NcY[i`Tb\VWMkbO^[ 0©´J%Kb\_jNcO"VWKM^kKlY[ju-OOT6kbO`O"^[y2Ok~Y[TbkO"¯¨y2OXo\ d
NPOT0VWOka\_T' Q`Q,) g Mjo\_TMiYPyMY[XoVo\Zb³YhXt^[X]N ^[X%VWKMOCB dUNcYhVWX§\¯2©
Ts^+¡O`OXg\_µOPZ^`TMjo\_kMOX	V]KMO_\VWOXWYhV]MX]OP^`TV]KMOj]Mu¨pqOZV ' Q`|¨g}`Bg·Q`Qbg¦Q0}¨g;}Bg}[|bg
=U=MglCQ )2Yh_2Y[¨VWKM^`Xojµ\_NPyb\Z"\_Vo_c^`XµO"¯¨yb\Z"\_Vo_?j]Oi`NPOT0VV]KMOs\_NcY[i`OxZ^`Tbjo\_kMOX§\TMiVWKlYhVµVWKbO
j]ZOTMO	\_jsYPj]O"Vx^[y¨³Y[TMY[XylYhV]ZfKMOj©
J%Kb\_j#\kbOCY~j§\NPyb¢NPOY[TMjV]KlYhV&OkM^~TM^hV#Z^`TMjo\_kMOX#VWKMO?X]O"_\_Ot^[VWKMO?^`ubpqOZ"V#¡O
Y[T0VVW^&kMO"VWOZ"VCgtKMOXoOCY[jµOsjo\_Ncy¨_\¸?V]KMOxNc^kMO"¹YhTMkZ^`TMjo\_kMOX\_V¡Y[j¡u2O"\Tbi	:YhV©J%Kb\_j
j]OONPj%VW^#u2O OTM^`Mi[K$VW^kMO"VWOZVtKMO"VWKMOX\_V\j\_T$NP^[Vo\^`T^[XTM^[Vg¨tKb\_O Z^`NPyM¨V]\_TMi\_V]j
X]O"_\_O\jxY[Tb^[VWKMOXtyMX]^`u¨ON6©
J%KMOXoO^`XoO[gtjo\_N\_Y[X§_ Y[j?u2O"^`X]OhgVWKMOayMX]^[ubON Y[Xo\_j]Oj?VWKMYhVjoO[OXWY¶ Xo\_i[\_kFybY[TlYhX
kb\_j]ybY[ZONPOT0VWjsNcY+Z^`X]XoOjoy2^`Tbk6V]^PV]KMO	jWY[NPO&NcYhVWX§\¯2°
 (  
 " #    /      
± `²
½\_X]j§V ^[µYhAg¹\_VU¡^Xo\_i[\_kkb\_j]ybY[ZONPOT0VWj&kb\¼¹OXw^`T¨_6X]^`NVWKbO#NcY[i`Tb\VWbkMO^`X j§\i[T^[
VWKbO\_XVWX]Y[TMjoYhVo\^`T¹gbVWKMO"B\_O_kV]KMO j]Y[NPO6dUNcYhV]Xo\ ¯¹g¨Z^`Tbjo\_kMOX§\TMiVU¡^Pyb³YhTMOj%\VWKVWKbO
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V]KMO MT¨d ZCYh\_uMXWYhV]Ok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Z^[TMjo\_kMOX¡VU^Z^[_\_TMOYhV]\_^`TMj 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VWKMYhV VWKbOj]OVU¡^ylY[X]Y[NPOVWOXo\_CYhVo\^[TZ^`X]XoOjoy2^`TbkMj VW^$V]KMOjWY[NPOX§\i[\_kkb\_j]ybY[ZONPOT0VMy
VW^V]KMO	N?Yhi`Tb\VWMkMO	^[VWKbO	V]XWY[TbjoYhV]\_^`T¦gM\;YhTMka^[Tb_\_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J%Kb\_j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Ts^+¡O[OXg:\_TayMX]Y[ZVo\ZOO&KlYC`O	VU^cj]^hbVo\^[TMj°
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XoOYhV]\_^`T=yMXo^`i`XWYhN6© J%KMOyMXo^`i`X]Y[N kbO`O"^[y2Ok \_T VWKMO rt^`u-^[V]B\_jyMX]^[pqOZVgsVWKbO
\_NcY[i`O"d NcYhVWZfKb\_TMi yMX]^[i`XWY[Ngt\julYhj]Ok9^`T Z^[X]X]O"³Y¶V]\_^`T9Y[TMk9X]^`uMbjoVOj§V]\_NcYhV]\_^`T
V]OZfKMTb\_BMOjwY[TMkaYh^+tjVW^POj§V]\_NcYhVWO&Z^`XoX]Oj]y-^`TMkMOTMZOjwu-OVU¡OOTaVU^PB\O"tj©
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VWK¨\jtj]^hbVo\^[T6\_jtkMOjoZXo\_u-Oka\_T6kMOVWYh\__jt\T6Y[yMy-OTbkb\¯ ª
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Æ MZfKFY[T OjoVo\NcYhV]^`XP\jckMOj§\i[TMOk VW^¤Y[TlYhOVWKMO6j]ZOTMO j?joVWXoMZV]MX]OaMTMkMOX?k¨\_¼2OXoOT0V
ZCY¶_\_uMXWY¶V]\_^`T=O"`O_jaY[TMk=MTMkbOXkb\¼¹OX]OT0V6Z^[TMjoV]XWYh\_T0VWj6Y[j$kMOj]ZXo\_u2Ok \_T =b©_`© Y[TMk=\_T
®li`bX]O =M©
Euclidean constraints
Affine constraints
Projective constraints
collinear points
coplanar points corigid points
Rotation axis parallel to image plane
Point at horizon
M0 middle of M1 and M2
parallel lines
consecutive angles equalpoint behind other points
angle and axis of rotation
angle orthogonal
vertical lines
Angle valueAbsolute distance
Direction of the translation
Affine reconstruction
Euclidean reconstruction
½\_i`MX]O =M° ª Y¶_\_uMXWY¶V]\_^`T6_O[OY[TMkZ^`TMjoV]XWYh\_T0VWj
J%KMOYhi[^`Xo\VWKMN \jtulYhj]Oka^`TVWKMO^[_^\_TMicKb\_OXWYhX]ZfK0-°
 xjo\_TMi&Y Nc^hV]\_^`TNP^¨kM¨OtY[jkbOj]ZXo\_u2Okc\_T0' Q[ ) ghOtOj§V]\_NcYhVWO%\2V]KMOkb\_j]ybY[ZONPOT0V
\_jxYPyMY[XoVo\Zb³YhXxk¨\joyb³YhZONPOTBV©
  OV]KMOTOjoVo\NcYhV]OYhZ^[_\_TMOCYhXwy-^[\T0V]jwu0aV]Oj§V]\_TMiYhVWKMOy2^`jojo\_ub\_\V]\_Oj	Y[jt\ .\_jVWKMOxTBMN#u-OXµ^[2y2^[\_T0VWj´VWKMOtZ^`NPybOe¯\_VUP\_j . 
 ©  OsTM^hV]\_ZOVWKlY¶Vµ¡OxZ^`b_kcMj]OsYX]Y[TMkM^`N\_OkYh_i`^`X§\_V]KMN V]^ckbOVWOZVxVWKMOj]O&y2^h\T0VWjtuM¨Vx\_TVWKb\_jtylY[XoVo\ZbY[XtZCY[joO&¡O
ZY[T¢XoOCY[jo^`TlY[ubZ^`NPyM¨VWO?Yh_µy-^`j]j§\u¨\_\_Vo\Oj©a TMZO?kMOV]OZ"VWOk¤O?ZCY[T¤X]OybX]OjoOT0V
Yh¦V]KMOy2^h\T0VWjt^`TY\TbO&joOi`NPOTBVxu0$V]KMO VU^cO"¯V]X]ONcYhy-^[\_T0VWjtY[TMkXoONP^+`OYh_
V]KMO	^[VWKMOXy2^h\T0VWjtX]^[N VWKbO	\_joVx^[Y+hYh\Y[ub_O&y-^[\_T0VWj©
 » _yMXo^[pqOZ"V]\`O&Z^`TbjoVWX]Yh\_TBV]jwYhX]O VWKbOTYhTlYh¨Ok¦©
 S ·V]KMO ylY[X§V]\_ZbY[X%k¨\joyb³YhZONPOTBVsYh_^tj¡VW^Z^`NPyMbVWO #g¨¡O ZYh_\_uMX]YhVWOwV]KMO j§¨jqd
V]ON©
  OVWKMOT~Y[TMYh_OY¶_YGFcTMO	Z^`TMjoV]XWYh\_T0VWj©
  O®lTlYh_X]OZ^+`OX¡ºMZ\_kMOCY[T?ZCYh\_uMXWYhVo\^[TY[Tbk?Z^`NPyMbVWOxºMZ"_\_kMOCYhTBlY[T0V]\V]\_Oj©
J%Kb\_jjoOBMOT0Vo\³Yh¨KMOMXo\_joVo\Z¡Yh^+tjMj·VW^xYC`^[\_k#KMY+B\_TMitVW^tXWY[TbkM^`N\OVWKMO´Oj§V]\_NcYhV]\_^`T
^[¹YhlZ^`TbjoVWX]Yh\_TBV]jtKb\ZfKc^[bkcKlYC`O_OCY[kPVW^	YhTc\_T0VWXWYhZVfYhubOtY¶i`^[Xo\VWKMN\_ZxZ^`NPyb_O"¯\_VU[©
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» TM^hVWKMOXsylYhXoVt^[VWKMO	yMXo^`ub_ON \_jtV]KlYhVt¡ONMjoVskMOCY¶·\_V]K~j]O"`OXWYhkb\¼¹OX]OTBVsklYhVWY
VUy2Oj©¡½l^`X%\TbjoVfYhTMZOh°
 \TbOjsY[X]OXoOyMXoOj]OT0VWOkY[j`OZ"VW^`Xojg
 Y[Tbi[Ojglkb\_joVWY[TMZOjsY[X]O	X]OyMX]Oj]OTBV]OkYhjxXoOCYh¦TbN#u-OX]jg
 Z^[_\_TMOCYhVo\^[TMjxY[X]O	X]OyMX]Oj]OTBV]OkYhjxNcYhV]Xo\_ZOj©
» bV]KMOjoOVUy2Oj´Y[X]OMj]OkVW^X]OyMX]Oj]OTBV´Z^`TMj§VWXWY¶\T0VWj^[T#VWKMO%Q`¥ j]ZOTMOtY[Tbk#VWKMOyMX]^`i[XWY[N
KlY[jV]^?kMOYh\_V]K6V]KMON©  OY[ZV]lYh_$Mj]OYc^[ubpqOZ"VodU^[Xo\_OT0VWOk~X]OyMX]Oj]OTBVWYhV]\_^`T¦g-O[OT~\
¡OMjoOVWKMO ª Y[TMi[lY[i`O ^`XOFcZ\_OTMZ"aybMX]y-^`j]Oh©
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 OYhyMyb$VWKMO^[_^\_TMi?Yh_i`^`Xo\VWKbN6°
 Æ O"OZVwYZ^`TMj§VWX]Yh\T0VsY[ZZ^`Xokb\TbicV]^PV]KMO	^`X]kbOXtkMO®MTMOkayMX]O"\_^`Mj§_
 Æ OY[X]ZfK6Z^[X]X]Oj]y-^`TMkMOTMZOjwj]YhV]\_jo¸B\_TMi?V]Kb\jtZ^`TMjoV]XWYh\_T0VC°
 Æ O_OZV XWY[TMkb^`N_V]KMO#y-^[\_TBVsZ^[X]X]Oj]y-^`TMkMOTMZOjY[TMk~YhV]KMOYh¨¯\_\³YhXoklYhVWYTbOOkbOka^[X%VWKMO	Z^[TMjoV]XWYh\_T0VwOjoV]\_NcYhV]\_^`T
 ºj§V]\_N?Y¶VWO	VWKMO	Z^[TMjoV]XWYh\_T0VCglX]O"VWMXoT~YPX]Ojo\_kMlYhOX]Xo^`XxY[TMk6YcXoOjob_V©
 » ZZ^`X]kb\_TMicVW^VWKMO	yMXoOB\_^`MjxX]Oj§\kblYhOXoX]^`Xgl£[OOyaV]KMO	X]Oj]bV
wZ^`MXoj]O[gbjo\_TMZO V]KMO _\_joV%^[y2^h\T0VWjkbOZXoOCY[joOj\_T$OTMi[VWKY¶VOCY[ZfKj§VWOy$¡O	Y[XoO j]MXoO
^[VWKMO	Z^`T0`OXoi`OTbZO#^hV]Kb\jxYh_i`^`X§\_V]KMN©
 OTb^[VWOV]KlYhVVWKMOXoOj]¨_V´NcYC#KMY+[Otj]O[OX]YhMVUy2Oj´uMbV;V]Kb\jVU¨y-O%\_j£Tb^tT\_TMTMZed
V]\_^`Ta^[V]KMOZ^`TMj§VWXWY¶\T0VC©t½l^`X\_TMjoVWY[TMZO\;O&\T0V]OX]OjoVwMjxV]^?V]KMOZ^`TMj§VWXWY¶\T0VC°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NcYhVWX§\¯$\_V]K~Y\j§Vs^h;y-^[\T0V]jxZ^`X]XoOjoy2^`Tbkb\TbicV]^PV]KMO	kb\_j]ybY[ZONPOT0VC©
J%KMOybX]^`i`X]Y[N Z^`T0VfYh\_TMjj]O[OX]Yhj_\_joV]j©J%KbOX]O´\_jY_\_joV^`X·VWKbOYChYh\³Y[u¨OµZ^`TbjoVWX]Yh\_TBV]j
tKb\_ZfKYh_^tjtVW^cj]O"OZVsXWY[TbkM^`N_6YPZ^[TMjoV]XWYh\_T0VwYhZZ^[X]kb\_TMi?V]^VWKMO&^`X]kbOXtkMO®MTMOkayMX]Oed
B\^[Mjo`©  KbOTPYsZ^`TMj§VWXWY¶\T0V;KMY[ju-OOTj]O"OZVWOkP^`TMZOhg[\V j£[OybV^`¨V^[bVWKMOµ_\_joV\T^[X]kMOX
VW^&yMXoO`OT0VY	Z^`TMj§VWX]Yh\T0V´VW^&u-OxjoO_OZ"VWOkjoO[OXWY¶-Vo\NPOj© Æ MZfK$Y\_joVYh__^+tjµV]^Z^`TMj§\kMOX
ZCY¶_\_uMXWY¶V]\_^`T Y[j Y?ylY[XoVo\ZbY[X Z^[TMjoV]XWYh\_T0VC°  KMOTZYh_\_uMX]YhV]\_^`T\_j y2OXo^`XoNPOk Y[TMka\_´VWKbO
ZCY¶_\_uMXWY¶V]\_^`T¤ZY[T u2OPO"[Y¶lY¶VWOk ± yMY[XoVo\Zb³YhX&k¨\joyb³YhZONPOTBVf²"gOcjo\_NPyb_\_TMjoOXoVYhVWKbO
Z^[TMjoV]XWYh\_T0VWjZ^`X]XoOjoy2^`Tbkb\Tbi#VW^	VWKMOxZCY¶_\_uMXWY¶V]\_^`T?_O[O¹\_T?V]KMOsY+hYh\Y[ub_OsZ^`TMjoV]XWYh\_T0VWjµ_\_joV©
» TM^hVWKMOX&\j§V	\j&Mj]Ok¤V]^6XoOyMXoOjoOT0V#V]KMOYChYh\³YhubOPklY¶VfYbg·VWKMYhV	OcZCYh´yMX§\N\V]\`Oj©
» Z^`TbjoVWX]Yh\_TBV6\_jakMO"®lTMOk u0=VWKMOklYhVWY tKb\_ZfK Y[XoO TMOOkMOk V]^ OjoVo\NcYhV]O\VCg u0 VWKbO
X]Oj]bVVUy-O$tKb\ZfK­\_jyMXo^¨kMbZOk u0VWKMO$OjoVo\NcYhVo\^`T­NP^kMb_OY[TMk­u0Y[TOj§V]\_NcYhV]\_^`T
X]^[bV]\_TMO[© J%K¨\jcX]OyMX]Oj]OT0VWYhV]\_^`T Y¶__^+tjPV]^ KlYC`OaY k¨¨TMY[N\ZYhxX]OybX]OjoOT0VfY¶V]\_^`TF^[xVWKbO
j]ZOTMOh°xYZ^`TbjoVWX]Yh\_TBVwOj§V]\_N?Y¶VW^`XsTMOOkMj klYhVWYuMbVwYh_j]^$ybX]^kMMZOj klYhVWYctKb\_ZfK Y[XoO#MjoOk
u0^[VWKbOXtOj§V]\_N?Y¶VW^`Xoj©  KbOTa¡O&KlYC`O&ZfKM^`j]OTYPZ^`TbjoVWX]Yh\_TBVglO	\T¨\_Vo\³Yh\_OYP_^¨ZYh¦\j§V
V5VXW:YZ\[[\]
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Z^[TBVWYh\_Tb\Tbi?VWKbO#YChYh\³Y[u¨O&klYhVWYPtKb\_ZfKNcYCu2O&j]O"OZV]Ok¦©tº´Y[ZfK6V]\_NcO&O	®lTMk~YcjoOVs^[
klYhVWYcj]YhV]\_jo¸B\_TMi?V]Kb\_jsZ^`TMjoV]XWYh\_T0VCg:O&X]ONP^[O#VWKbOj]O&klYhVWYPXo^`N!V]KMO&_^ZCYh·\j§Vs\_T~^[X]kMOX
VW^\_NPyMX]^+`O&O\FcZ"\OTMZ[©
 OXoONcY[Xo£$KMOXoO VWKlY¶Vtj]O[OX]YhZ^`TbjoVWX]Yh\_TBV]jsNcYC$ybX]^kMMZO V]KMO	jWY[NPO VUy-O&^hkMYhVfYb©
S Vt\jV]KMO	ZCY[joO&^`X%\_TMj§VfY[TMZO^`X%V]KMO	Oj§V]\_N?Y¶V]\_^`T~^[YPZ^[_\_TMOYhV]\_^`TaY[TMkVWKMO	Oj§V]\_NcYhV]\_^`T
^[´YcZ^[\TMOYhV]\_^`TZ^`NPylYhVo\ub_O#\VWKYPMTMklYhNcOT0VfYhNcYhVWX§\¯2©sJ%KMO#Z^`TMjoV]XWYh\_T0V	Y[XoOTM^hV
VWKbO&j]Y[NPO	uMbVtVWKMO"yMX]^kMMZOVWKMO	jWYhNcO	klY¶VfY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Unité de recherche INRIA Sophia-Antipolis, 2004 route des Lucioles, BP 93, 06902 SOPHIA-ANTIPOLIS Cedex
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